The pork supply chain values steady and undisturbed piglet production. Fertilization and maintaining gestation in warm and hot climates is a challenge that can be potentially improved by selection. The objective of this study was to estimate 1) genetic variation for farrowing rate of sows in 2 dam lines and their reciprocal cross; 2) genetic variation for farrowing rate heat tolerance, which can be defi ned as the random regression slope of farrowing rate against increasing temperature at day of insemination, and the genetic correlation between farrowing rate and heat tolerance; 3) genetic correlation between farrowing rate in purebreds and crossbreds; and 4) genetic correlation between heat tolerance in purebreds and crossbreds. The estimates were based on 93,969 fi rst insemination records per cycle from 24,456 sows inseminated between January 2003 and July 2008. These sows originated from a Dutch purebred Yorkshire dam line (D), an International purebred Large White dam line (ILW), and from their reciprocal crosses (RC) raised in Spain and Portugal. Within-line and crossbred models were used for variance component estimation.
INTRODUCTION
Breeding organizations provide pigs to farms located around the world in environments which differ in altitude, temperature, feed quality, health status, and management. This requires pigs that can produce within a multitude of differing environments. High ambient temperature limits pig reproduction and is of increasing importance because of climate change and increased pig production in warm climates (FAO, 2006) . Reproductive performance is important for pig breeding programs; however, its genetic variation is low (Rydhmer, 2000) . Farrowing rate can be defi ned as becoming pregnant from fi rst insemination and subsequently maintaining pregnancy until farrowing. Farrowing rate of 2 dam lines responded differently to increasing temperatures, indicating that selection for heat tolerance might be possible (Bloemhof et al., 2008) . Heat tolerance can be defi ned as the regression slope of farrowing rate against a heat load index (Ravagnolo and Misztal, 2000) .
Commercial production pigs are crossbreds farmed all over the world. In contrast, selection is practiced mainly in temperate climates in nucleus herds using purebred pigs. Even if there would be genetic variation to improve farrowing rate and heat tolerance, the success of selection depends on how much genetic progress is realized in crossbred pigs. The genetic correlation between purebreds and crossbreds is a measure of effi ciency of genetic selection in purebred animals on crossbred performance.
To assess genetic potential for breeding for farrowing rate and heat tolerance, we estimated 1) genetic variation for farrowing rate in 2 dam lines and their reciprocal cross; 2) genetic variation for heat tolerance and the genetic correlation between farrowing rate and heat tolerance; 3) genetic correlation between farrowing rate in purebreds and crossbreds; and 4) genetic correlation between heat tolerance in purebreds and crossbreds.
MATERIAL AND METHODS
Animal Care and Use Committee approval was not needed for this study because the data collected regularly for the TOPIGS breeding program (Vught, the Netherlands) were used. The TOPIGS breeding program operates according to the EFABAR code of conduct (Neeteson et al., 2006) . Out of the total of 33 farms, 17 farms had only D-line sows and the other 16 farms had only ILW-line sows. The 2 purebred dam lines were never located on the same farm. The RC-line sows were housed together with either D-line or ILW-line sows on 20 out of these 33 farms. The number of records in these farms is given in Table 1 .
Sows ranged in parity from 1 to 14. For each fi rst insemination record per cycle the following information was available: sow identifi cation number, line, date of birth, farm, parity, date of fi rst insemination in that specifi c cycle, service sire, and farrowing rate. Farrowing rate was defi ned as a binary trait: 1 if the fi rst insemination resulted in a pregnancy and gestation length was longer than 108 d, or if total number of piglets born resulting from fi rst insemination was at least 1. Otherwise farrowing rate was considered as 0. For sows culled after fi rst insemination, with culling reason reproductive failure, farrowing rate was 0. Other sows culled after fi rst insemination were removed from the dataset.
Meteorological data were obtained from the European Climate Assessment Dataset and included daily maximum outside temperature for 8 Spanish and T3 Portuguese weather stations (Klein Tank et al., 2002) . Each insemination record in our dataset was assigned the daily maximum temperature from the nearest weather station on day of insemination. Average distance between farm and weather station was 117 km (range in distance: 25 to 237 km). These data should fairly represent the temperature at these farms. Freitas et al. (2006) estimated a correlation of 0.9 between on-farm temperature data and weather station temperature in the USA, even for weather stations more than 300 km away from the farm.
Defi nition of Heat Tolerance
A previous study (Bloemhof et al., 2008) showed that farrowing rate of a sow remains fairly steady over a range of low and medium temperatures but starts decreasing above the upper critical temperature (UCT). However, the decrease in farrowing rate may be different between sows. The UCT above which farrowing rate is linearly affected has been estimated to be 19.3°C (Bloemhof et al., 2008) . According to this, the heat load index was defi ned as the deviation of the maximum temperature on the day of insemination from 19.3°C, when maximum temperature at insemination day was higher than 19.3°C. Otherwise, the heat load index was set to 0. Almost 46% of the observations had a heat load index of 0, and 54% of the observations had a heat load index which was larger than 0. For example, if the temperature on a day of insemination was 29.3°C, then the heat load index was 10. Heat tolerance was then defi ned as relative change in farrowing rate per unit change in heat load index. It was estimated through the slope of a random regression line considering farrowing rate as the dependent variable (y-axis) and the heat load index as the independent variable (x-axis).
Within Line Analysis
To estimate (co)variance components for farrowing rate within each of 3 lines D, ILW, and RC the following repeatability model was used:
where y is a vector of liabilities to farrowing rate, b is a vector of the fi xed effect of parity, a is a vector of the random animal genetic effect, c is a vector of the random permanent nongenetic animal effect, m is a vector of the random farm-year-month of insemination effect of the sow, s is a vector of the random service sire effect, e is a vector of the random residual effect, and X, Z, W, F, and U are the respective incidence matrices. Variances were 
Crossbred Model Analysis
In this analysis, the (co)variance components for farrowing rate were estimated considering farrowing rate in lines D, ILW, and RC as 3 different traits and the genetic correlations between purebreds and their crossbred offspring were estimated. The crossbred model proposed by Lo et al. (1997) was considered; however, no separate dominance effect was included. A multitrait repeatability model was used 
where subscript D represents line D, subscript I represents line ILW, and subscript C represents the crossbreds; y is a vector of liabilities to farrowing rate; b is a vector of the fixed effect of parity; a D and a I , are vectors of the random additive genetic animal effects; a DC is a vector of the random additive genetic effect for the D-line parent of crossbred RC; a IC is a vector of the random additive genetic effect for the ILW-line parent of crossbred RC; c is a vector of the random permanent nongenetic animal effect, m is a vector of the random farm-year-month of insemination effect of the sow, s is a vector of the random service sire effect, and e is a vector of the random residual effect; and X, Z, W, F, and U are the respective incidence matrices. The additive genetic effect of crossbreds in the model was partitioned as the effect of the parents and was calculated as a frC = a frDC + a frIC + Φ frC , where Φ frC is the Mendelian sampling which in the model is included in the random permanent nongenetic animal effect. It was assumed that σ 2 Variances of random effects other than the genetic effect were assumed to be uncorrelated between the three lines and therefore similar to those for model 1. The variances of the genetic effect were assumed to be 
To estimate (co)variance components simultaneously for farrowing rate and heat tolerance using purebred and crossbred data, farrowing rate and heat load recorded on lines D, ILW, and RC were considered as 6 different traits, with a genetic correlation between purebreds and their crossbred offspring.
where a fr D and a fr I are vectors of random additive genetic animal effects for overall farrowing rate; a fr DC is a vector of the random additive genetic effect for overall farrowing rate level for the D-line parent of crossbred RC; a fr IC is a vector of the random additive genetic effect for overall farrowing rate level for the ILW-line parent of crossbred RC; a ht D and a ht I are vectors of random additive genetic animal effects for tolerance slopes (farrowing rate against the heat load index); a ht DC is a vector of the random additive genetic effect for tolerance slopes (farrowing rate against the heat load index) for the D-line parent of crossbred RC; a ht IC is a vector of the random additive genetic effect for tolerance slopes (farrowing rate against the heat load index) for the ILW-line parent of crossbred RC; c fr is a vector of random permanent nongenetic animal effects for overall farrowing rate; c ht is a vector of random permanent nongenetic animal effects for tolerance slopes; and Z, H, W, and P are the respective incidence matrices. Other terms are as explained for model [3] . Variance structure was assumed to be the same as those of model 2, except for the genetic farrowing rate variance and the genetic heat tolerance variance I  I  I C  I  I  I  I C   I  IC  IC  IC  I  IC  IC   I  I  I C  I  I  I  I C   I  IC  IC  IC  I 
Computations
Variance components were estimated using a Bayesian threshold model via Gibbs sampling (THRGIBBS1F90-software; Tsuruta and Misztal, 2006) . The THRGIBBS1F90 program is based on a probit model in MCMC setting (Sorensen and Ganiola, 2002) . Every 10th sample was saved to calculate posterior means and SD of variance components, heritabilities, and correlations. Convergence was visualized by plotting of Gibbs samples. The fi rst 25,000 to 375,000 samples were removed as burn-in, and a total of 125,000 to 375,000 samples were used for the fi nal computations.
RESULTS

Line Differences in Traits
Average farrowing rate was 83% across all breeds. Crossbred sows had the greatest farrowing rate (86%), and D-line sows had the least farrowing rate (82%). The ILW-line sows had the highest heat load index on day of insemination (5.0), and crossbred sows had the lowest heat load index on day of insemination (3.8); however, these differences were not signifi cant (Table 2) .
Within Line Analysis: Farrowing Rate
Heritability estimates for farrowing rate were lowest for crossbred sows (0.02 ± 0.01) and highest for ILW-line sows (0.07 ± 0.01; Table 3 ). Genetic variances for farrowing rate were equal for D-and ILW-line sows (0.08 ± 0.02); however, farrowing rate genetic variance of crossbred sows was only a quarter of those of the purebred sows (0.02 ± 0.02; Table 3 ). Permanent environmental variance was one-half of the farrowing rate genetic variance in D-and ILW-line sows (0.04 ± 0.02). In crossbred sows permanent environmental variance was 3 times larger (0.06 ± 0.03) than the farrowing rate genetic variance (0.02 ± 0.02). Farm-year-month, service sire and residual variances did not differ much between lines. Smallest SE of estimates were found in ILW-line sows, which had the maximum number of observations.
Within Line Analysis: Farrowing Rate including Heat Tolerance
Similar to the model excluding heat tolerance, heritability estimates for farrowing rate were least for crossbred sows (0.03 ± 0.02) and greatest for ILW-line sows (0.08 ± 0.01; Table 4 ). Heritability estimates for heat tolerance were lowest for ILW-line sows (0.02 ± 0.01) and highest for crossbred sows (0.05 ± 0.03; Table 4 ). Including heat tolerance in the model did not change heritability estimates for farrowing rate when comparing Table 3 and Table 4 .
Genetic variances for farrowing rate and for heat tolerance differed between lines (Table 4) . Genetic variance for heat tolerance in crossbred sows (0.08 ± 0.05) at heat load index 10 was twice as large as the genetic variance (0.04 ± 0.03) for their farrowing rates. Genetic variance for heat tolerance in D-line sows (0.06 ± 0.02) at heat load index 10 was as large as the genetic variance for farrowing rate in D-line sows (0.06 ± 0.02). Genetic variance for heat tolerance in ILW-line sows at heat load index 10 was close to 0 (0.02 ± 0.01).
Genetic correlations between farrowing rate and heat tolerance were close to 0 in all the three lines with large standard errors of the estimates (Table 4) .
Crossbred Model Analysis: Farrowing rate
Heritability estimates for farrowing rate from crossbred-model analysis (Table 5) were highest for crossbred line (0.10 ± 0.04). The heritability estimates for D-and ILW-lines were quite similar (0.07 ±0.01). Farrowing rate genetic variances from crossbred-model analysis (Table 5) were largest for crossbred sows (0.13 ±0.06). The D-and ILW-line sows had similar farrowing rate genetic variance estimates (0.09 ± 0.02). Permanent environmental variance was least in D-line sows (0.02 ± 0.01) and greatest in crossbred sows (0.09 ± 0.03). Farm-year-month, service sire, and residual variances were generally similar between lines.
Genetic correlations between purebreds and crossbreds were moderately positive (r fr D fr DC : 0.57 ±0.57; r fr I fr IC : 0.50 ± 0.25); SE, however, were large. 
Crossbred Model Analysis: Farrowing Rate including Heat Tolerance
Heritability estimate for farrowing rate from crossbred model analysis including heat tolerance (Table 6) was unexpectedly high for crossbred sows (0.19 ± 0.07). Heritability estimate for heat tolerance of crossbred sows was 0.36 ± 0.08 (Table 6 ), a value much greater than estimated using within-line analysis. Heritability estimates for farrowing rate and heat tolerance of D-and ILW-line sows (Table 6 ) were in line with the estimates using within-line analysis (Table 4) . Estimates of mean variances for farrowing rate and heat tolerance using crossbred-model analysis for the 3 lines are shown in Table 6 . Comparing these estimates with the estimates from within-line analysis (Table 4) , variance estimates for D-and ILW-line sows were similar either using crossbred model or within-line analysis. Variance estimates for crossbred sows were extremely high (Table 6) . Genetic variance for heat tolerance at a temperature of 29.3°C of crossbred sows was 25-times larger for crossbred sows compared with purebred sows. Also, genetic variance for farrowing rate, permanent environmental variance for farrowing rate, and heat tolerance were much larger in crossbred sows than in purebred sows. However, SE of estimates were large too.
Genetic correlation between farrowing rate of D-line sows and its descending crossbreds was moderately positive (0.62 ± 0.32). Genetic correlation between farrowing rate of ILW-line sows and its descending crossbred was 0.32 ± 0.27. Genetic correlations between farrowing rate and heat tolerance were again close to 0 ( 
DISCUSSION
This study shows that both farrowing rate and heat tolerance are traits with low heritabilities, but traits that still exhibit genetic variance that could potentially be exploited by selection. Because genetic correlations between purebreds and descending crossbreds were all lower than unity for both farrowing rate and heat tolerance, inclusion of crossbred data in the evaluation of purebred animals is necessary to fully realize genetic improvement in commercial crossbred animals.
Farrowing Rate
Heritability for farrowing rate in purebred sows estimated using within-line analysis was 0.07 ± 0.01. The few other studies on the maternal heritability of farrowing rate have found lower estimates, below 0.04 (Leukkunen, 1984; Hanenberg et al., 2001) . These studies used linear models which are known to underestimate the true heritability of categorical traits compared with the threshold model used in the present study. For instance, the heritability estimate of Hanenberg et al. (2001) becomes 0.075 ± 0.005 when transformed to the underlying liability scale using the formula of Dempster and Lerner (1950) . Holm et al. (2005) estimated a maternal heritability of 0.03 using a threshold model for a trait considering if a gilt or sow was inseminated again within 100 d after fi rst insemination. Accordingly, a large part of variation in pregnancy success is due to envi- ronmental factors, such as AI-management, estrus monitoring, and season (Rydhmer, 2000; Hanenberg et al., 2001 ). The heritability of farrowing rate observed here is very low compared with the heritability of pig production traits such as backfat thickness, which has a heritability of around 45% (Clutter, 2011) . However, the advantage of improving farrowing rate by breeding compared with improving farrowing rate by management is that breeding results in a permanent change in the genetic composition of the pig breeding population. Even for a trait such as litter size with a heritability of around 10%, substantial genetic improvement has been realized (Dekkers et al., 2011) . Moreover, when low heritability traits are economically very important, even minor genetic changes have a big impact on the industry profi t.
In the USA and the Netherlands, more than 10% of the sows do not farrow from fi rst insemination and return to estrus (PigCHAMP, 2010b; Kengetallenspiegel, 2011) . In Spain, the number of sows returning to estrus after fi rst insemination is even greater, around 17% (PigCHAMP, 2010a) . Farrowing rate directly affects number of litters per sow per year and therefore the number of non-productive sow days. Non-productive sow days are the days in which a sow is not lactating or gestating (Wilson et al., 1986) . The cost of 1 non-productive sow day has been estimated to be 2.20€ in the Netherlands (Wageningen Livestock Research, 2011) , which includes costs of feed and loss in piglet production. For Spain and Portugal, no literature could be found on the costs of non-productive sow days, but we expect it to be also around 2.20€/day. Return to estrus is the main reason for culling of young sows (Engblom et al., 2007) . This shows that improving farrowing rate by breeding can be highly profi table because the number of non-productive sow days can be reduced, litters per sow per year can be increased, and unplanned sow removal can be prevented.
Heat Tolerance
Genetic variation for heat tolerance exists, and therefore there are possibilities for genetic improvement in heat tolerance. The additive variance for heat tolerance at a heat load index of 10 was as large as the additive variance for farrowing rate for the sows from the D-line and twice as large as for crossbred sows. These results are in line with previous studies in which additive variances for heat tolerance have been found to be important for non-return rate and milk production in dairy cattle, for milk yield in sheep, and for growth in fi nisher pigs. Under increased temperature, the additive variances for heat tolerance were as large as the additive variances for the production traits under non-stressed lower temperature Misztal, 2000, 2002; Finocchiaro et al, 2005; Zumbach et al., 2008) . Heritability estimates for heat tolerance of D-line and crossbred sows at a heat load index of 10 were low (0.05 ± 0.03 and 0.04 ± 0.01, respectively) and similar to the heritability estimates for farrowing rate. Sows from the ILW-line showed the least genetic variation for heat tolerance, with heritability estimate of 0.02 ± 0.01 at heat load index 10. This is in line with a previous study in which no effect of temperature was found on farrowing rate of I-line sows (Bloemhof et al., 2008) . Selection on reproductive performance in ILW-line sows is based on international data mainly from tropical countries (Brazil, Spain, Italy, Philippines) . This increases reproductive performance especially in warm climates, potentially leading to a fl atter temperature reaction norm and thus indirect selection on heat tolerance. Although speculative, this may have resulted in the low genetic variance for heat tolerance estimated in this study. Selection for production traits often increases environmental sensitivity ( Van der Waaij, 2004) . This was supported by our results. Although not all signifi cant, genetic correlations between farrowing rate and heat tolerance tended to be negative in crossbreds and I-line sows. In fi nisher pigs, a genetic correlation of −0.5 between carcass weight and heat tolerance has been reported by Zumbach et al. (2008) . In dairy cattle as well, genetic correlations between milk production and heat tolerance were negative, ranging from −0.30 to −0.95 (Ravagnolo and Misztal, 2000; Aguilar et al., 2009) . These reports and the genetic correlations estimated in the present study imply that current selection strategies for reproduction and production traits in moderate climates reduce heat tolerance.
It is anticipated that heat tolerance may become even more important as a limiting factor for global pig production mainly because 3 reasons. First, genetic progress in pigs in the past 50 yr has led to more lean animals, resulting into an increase of internal heat production of pigs. Greater internal heat production reduces heat tolerance capacity, resulting in increased susceptibility to heat stress (Brown-Brandl et al., 2001 ). Second, temperature is expected to increase worldwide as a result of climate change (Hofmann, 2010) . Finally, meat production is expected to double from 229 million tonnes (in 1999) to 465 million tonnes (in 2050), the growth predicted to be the fastest in warm climates such as Latin America and South and East Asia (FAO, 2006) .
The present and our previous study (Bloemhof et al., 2008) imply that the linear-plateau model proposed by Ravagnolo and Misztal (2000) is applicable to evaluate sows for heat tolerance as well. Even though the linearplateau model has its limitations, the model may be good enough to rank animals for heat tolerance. To ensure fi rm breeding value estimation for heat tolerance for all breeding candidates in a practical breeding program, it should be ensured that selection candidates have relatives tested under both temperate and hot conditions in the fi eld. Testing animals in experimental heat chambers might also be a powerful alternative, yet this is unpractical on routine basis.
Crossbreds and Farrowing Rate
Our results showed that pigs ranked the best as purebreds for farrowing rate are not always breeding the best crossbreds. Since the breeding goal is crossbred reproductive performance, genetic gain at crossbred level can be best improved using crossbred models. In these models, purebred animals are evaluated using data on both purebred and crossbred performance.
Heritability and variance component estimates for farrowing rate of purebreds obtained from the crossbred model analysis were similar to those from within-line analysis. In contrast, heritability estimates of crossbreds were increased when switching from within-line analysis to crossbred model analysis. Within-line analysis of crossbred animals assumes that their parents originate from one population. This assumption is obviously wrong since crossbred progeny descend from 2 different purebred lines. The crossbred model considers the 2 purebred lines separately and accounts therefore for gene frequency differences between purebreds which are caused by different selection strategies in both lines (Lutaaya et al., 2001) .
Since the goal in pig breeding is to improve crossbred performance, such as growth and reproductive output, and selection is performed at purebred level, the importance of crossbred information increases with decreasing purebred-crossbred correlation. A purebredcrossbred correlation less than 1 suggests dominance and gene frequency differences between purebred lines, and possible genotype × environment interactions when purebred and crossbred animals do not share the same environment (Wei and van der Werf, 1995; Lutaaya et al., 2001) . A purebred-crossbred correlation below 0.8 would reduce the selection response at crossbred level when only purebred information is included in the selection scheme (Bijma and van Arendonk, 1998) . In our study, genetic correlations between farrowing rate in purebreds and crossbreds were moderately positive (r fr D fr DC :0.57 ± 0.57; r fr I fr IC : 0.50 ± 0.25). There are no previous estimates of this correlation because reproductive performance traits are not widely studied in purebred-crossbred systems.
In our study, purebred and crossbred sows were located on the same farms. Therefore, the r pc estimated is the genetic correlation between purebreds and crossbreds that does not include potential genotype × environment interactions. In pig farming, purebred animals and crossbred animals are often not located on the same farm. Purebred animals are raised on nucleus farms with increased management standards, such as increased biosecurity and more space per pig. Crossbred animals are raised on commercial farms with conventional health and increased pig density (Zumbach et al., 2007) . Therefore it is possible that the r pc for farrowing rate could be even less in the present study if purebred and crossbred animals would have been on different farms. Since the goal in pig breeding programs is to improve crossbred performance, such as growth and reproductive output, and the genetic correlation between purebreds and crossbreds estimated in our study was below 0.6, it is advisable to use a combined crossbred-purebred selection (CCPS) method to make sure genetic improvement is fully realized in commercial crossbred animals (Bijma and van Arendonk, 1998; Merks and Hanenberg, 1998) .
Crossbreds and Heat Tolerance
To estimate purebred-crossbred correlations for heat tolerance, the crossbred model was adapted and a random regression term for heat tolerance was included. This resulted in a model in which 23 random components were fi tted. Heritability and variance component estimates for farrowing rate and heat tolerance of purebreds obtained from the crossbred model analysis were similar to those from within-line analysis. Additive variance for farrowing rate of crossbreds from crossbred model analysis was 7 times larger than from within-line analysis. Additive heat tolerance variance of crossbreds from crossbred model analysis was 9 times larger than from within-line analysis. Plots of Gibbs samples (plots not shown) showed quite a lot of instability, and it seemed that the crossbred parameters were not converged. Attempts to make the model simpler by removing permanent environmental heat tolerance effects or adjusting the model by including only sires of crossbred animals in the pedigree did not enhance convergence. In conclusion, we did not succeed in estimating purebredcrossbred correlations for heat tolerance. Estimating 23 random components in one analysis is quite ambitious and probably requires a larger dataset than used in our study or a dataset which is more balanced than ours.
Implications
Genetic selection for farrowing rate is possible, but if selection is based solely on purebred information, the expected genetic progress on farrowing rate in crossbreds (commercial animals) will be modest. The crossbred model allows evaluation of purebreds on the basis of purebred and crossbred performance simultaneously, revealing more genetic variance for crossbreds than the more simplistic within-line analysis. Adding heat tolerance to the within-line analysis increases genetic variance for farrowing rate even more. In D-line and crossbred sows that are sensitive to heat, additive variance for heat tolerance at a temperature of 29.3°C was as large as the additive variance for farrowing rate. Breeding for improved heat tolerance is therefore possible and may become important for pig breeding programs as a result of climate change and pig production moving to warm climates.
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